Although the El Niño-Southern Oscillation (ENSO) is a tropospheric phenomenon, its effects are also observed in the stratosphere. Traditionally, the study of ENSO above the troposphere has been difficult because of the lack of global observations at high altitudes and also because of the presence of other sources of variability whose signals are difficult to disentangle from ENSO effects. Recent work with general circulation models that isolate the ENSO signal have demonstrated its upward propagation into the stratosphere. Here we review the literature in this field and show results from the most recent version of the Whole Atmosphere Community Climate Model to illustrate the propagation and the mechanisms whereby the signal manifests itself in the stratosphere. The ENSO signal propagates upward to about 40 km by means of large-scale Rossby waves. The propagation is strongly influenced by the zonal mean zonal winds. Most of the strong ENSO events tend to peak in the boreal winter and so the ENSO signal is observed mainly at high latitudes during the Northern Hemisphere winter where the winds are westerly and allow Rossby wave propagation. The ENSO signal is also identified at polar latitudes in the Northern Hemisphere winter in the form of warmer temperatures and weaker winds during a strong El Niño event. This signal shows a zonally homogeneous behavior from the intensification of the stratospheric meridional circulation (in which air rises in the tropics and moves toward the winter pole where it descends) forced by anomalous propagation and dissipation of Rossby waves at middle latitudes during strong ENSO events.
Introduction
The El Niño-Southern Oscillation (ENSO) is a coupled phenomenon of the ocean and the atmosphere. Its warm phase, or El Niño, refers to the ocean component of the system and is characterized by an anomalous warming in the eastern tropical Pacific, usually in the northern winter. The term Southern Oscillation refers to the variation in sea level pressure between the eastern Pacific and the Indian Ocean. ENSO is known to be one of the main sources of variability in the tropical troposphere and it has been related to changes in the jet stream, the strong westerly wind current concentrated at middle latitudes in the upper troposphere 1, 2 ; to variations in the Monsoon system over Asia and Australia 3−5 ; and to changes in cyclone frequency over Europe. 6 In the last few decades, many authors have analyzed the effects of ENSO, both in the tropics and extratropics. Typically, these studies have characterized the ENSO phenomenon by a pressure index, computed as the pressure difference between the eastern part and the western part of the Pacific Ocean, or by using a sea surface temperature (SST) index obtained by averaging SST over a selected region in the tropical eastern Pacific. troposphere that lags the ENSO index by 3-6 months, depending on the data set and index used. 3, [7] [8] [9] [10] [11] The spatial distribution of the ENSO signal has also been widely analyzed. During its warm phase, or El Niño, the ENSO signal is characterized by an intense warming over the central and eastern Pacific as well as in most parts of the Indian Ocean and southeast of Africa. 10, 12, 13 In the tropical western Pacific the anomalies in temperature take the form of a "horseshoe pattern" with the two extremes pointing to the east. Observations of outgoing long-wave radiation (OLR; the energy emitted by the Earth as infrared radiation) and of the temperatures measured by the satellite-borne Microwave Sounding Unit (MSU) radiometers show that maximum warming occurs to the east of the precipitation anomalies that are observed around the dateline. 14 Figure 1 shows the anomalous pattern in the tropical lower troposphere for MSU temperatures in January 1998 during one of the strongest El Niño of the last century. The horseshoe pattern is highlighted in this figure in gray where the temperature anomalies are higher than 1 K.
The impacts of ENSO on temperature are also noticeable at middle latitudes, although the thermal response of the troposphere in these regions is not as intense as in the tropics. During a warm El Niño episode, an anomalous warming is observed in the northwest part of North America and the western part of South America, while an anomalous cooling is registered in the southeast of North America and the central part of the Andes. These anomalies that occur far away from the tropics are known as "teleconnections."
Theoretical and model studies have shown that the teleconnections are observed because convective activity in the tropical region generates Rossby waves (large-scale disturbances from the variation of the Coriolis force with latitude; see, e.g., Ref. 15) , and, thus, anomalies in the distribution of convective activity generate changes in the atmospheric wave pattern 1, 16 that in turn produce anomalies in temperature. Horel and Wallace 1 showed that the ENSO teleconnections in the Northern Hemisphere are observed only when the winds are westerly at low latitudes (in the winter half of the year when the Atlantic and Pacific troughs are displaced equatorward). The Pacific North America Pattern (PNA) is among the most important teleconnections related to ENSO in the Northern Hemisphere, 1, 16 which in its positive phase produces above-average geopotential heights in the vicinity of Hawaii and over the intermountain region of North America and below-average geopotential height south of the Aleutian Islands and over the southeastern United States. Its relationship with ENSO is discussed in numerous papers. 1, [17] [18] [19] In the Southern Hemisphere, the studies show anomalies related to ENSO in high-latitude regions, such as Antarctica, and in lower latitudes in Australia and South America. [19] [20] [21] [22] [23] In addition, ENSO also has an influence on two modes of variability in the Southern Hemisphere: the Pacific South American pattern (PSA) and the Antarctic Oscillation (AAO). 24−27 Some studies have also shown that the response of atmospheric temperature to ENSO has a nonlinear component, that is, the response is not symmetrical for the warm (El Niño) and cold (La Niña) phases of the phenomenon. 28, 29 The behavior of ENSO appears to have been affected by the interdecadal change detected in several climatic variables that occurred at the end of the 1970s. On one hand, this change modified the development and evolution of the SST in the tropical Pacific. [29] [30] [31] [32] After 1976/1977, the surface temperature warming developed in the western and central Pacific, extending later toward the eastern part of the basin, 10 while before that date the positive temperature anomalies were first observed along the west coast of South America and moved westward afterward, as shown in Rasmusson and Carpenter's 4 analysis of the 1951-1972 period. Furthermore, changes in the large-scale circulation patterns, such as an intensification of the PNA pattern during strong ENSO events, have occurred after 1979. 33, 34 The origin of these changes is not well understood, although some works point to a major influence of the annual cycle during the ENSO events after the 1970s, 34 while others suggest a modulation of the tropical teleconnections from the Pacific Decadal Oscillation related to the SSTs in the North Pacific. 35 The temporal evolution of the ENSO signal has also been widely studied. Kelly and Jones 36 identified two patterns of variability in the SST related to ENSO, with a lag of 3 months between them. In tropospheric temperature, Yulaeva and Wallace 14 also identified two different patterns lagged by 5 months. More recently, Calvo et al. 11 obtained three different spatial patterns in tropospheric temperatures related to ENSO and studied their temporal evolution. ENSO-related temperature anomalies occur initially as two different wave patterns; the first one precedes the full development of tropical SST anomalies and the second one develops simultaneously with it. These patterns appear to represent the equatorial wave response to anomalous latent heat release. 11, 14 The zonally symmetric atmospheric warming that lags the development of the SST anomalies is interpreted as a diabatic response to changes in the surface energy balance during ENSO. 10, 14 Besides the ENSO signal in the troposphere, several recent studies have presented evidence that ENSO propagates upward and also has an effect in the stratosphere. This layer, where the temperature increases with height mainly from the absorption of ultraviolet radiation by ozone, spans the range of altitude from about 15 km in the tropics, or 8-10 km in the extratropics, to about 50 km. It thus lies between the troposphere (below) and the mesosphere (above). In this paper, we present an overview of the ENSO signal in the middle atmosphere, together with results from a new general circulation model that illustrate the propagation of the ENSO signal and the mechanisms by which the signal reaches the stratosphere. Section 2 reviews the literature on the stratospheric ENSO signal; Section 3 introduces the numerical model and methodology used in this paper; and Section 4 presents the main results. Conclusions are summarized in Section 5.
The ENSO Signal in the Stratosphere
The first works that studied the influence of ENSO in the stratosphere, by means of observations, were those of Wallace and Chang, van Loon and Labitzke, Hamilton, Baldwin and O'Sullivan, and Kodera et al. 37−41 However, the results of these studies are not uniformly consistent. Some of the studies show a relationship between ENSO and the large-scale cyclonic circulation observed over the polar region in the Northern Hemisphere stratosphere, usually known as the polar vortex. During a strong El Niño event, some authors found a weaker polar vortex together with an intensification of the high-pressure center located over the Aleutian region. Other authors do not find any statistically significant relationship between ENSO and the stratosphere and they point out the difficulty of isolating the ENSO signal from other sources of variability that affect the Northern Hemisphere polar stratosphere in the short observational records available (between 20 and 30 years).
The effects of ENSO on temperature were studied in particular by Reid et al., 42 who used several radiosonde stations in the Pacific Ocean, and Yulaeva and Wallace 14 and Calvo et al., 11 who used MSU satellite temperatures over the tropical region. They all showed an ENSO signal in the tropical lower stratosphere of opposite sign to that in the troposphere. Some authors suggested that an intensification of the meridional circulation in the tropical troposphere, known as the Hadley cell, with air rising in the tropics and descending in the subtropics, might explain the opposite behavior in the troposphere and stratosphere. 42, 43 However, Calvo et al. 11 explained the tropical stratospheric cooling over the eastern Pacific as the upper air manifestation of internal equatorial waves forced by anomalous convection in the troposphere from changes in SSTs. As we will show later, both explanations were reasonable as they refer to different behaviors of the ENSO manifestation in the atmosphere: its zonal-mean behavior and the wave-like ENSO signal, respectively. Several problems have been found in the analysis of the ENSO signal in the stratosphere. First, ENSO is not one of the main sources of variability in this atmospheric layer as it is in the troposphere, and this makes it more difficult to identify its signal among those generated by other phenomena. Among the latter is the Quasi Biennial Oscillation (QBO), an oscillation of the stratospheric winds in the tropical region wherein the equatorial winds oscillate from westerlies to easterlies with a period of about 27 months. The QBO is known to shift the region where large-scale Rossby waves dissipate in the stratosphere either poleward or equatorward, depending on whether the winds in the tropics are easterly or westerly, and this can affect the interaction between the waves and the mean flow and, ultimately, the state of the stratosphere in the polar region. 38, 44, 45 The short records available make it difficult to stratify the observations according to QBO phases versus ENSO phases and, thus, to analyze both phenomena independently. Other additional sources of variability that might interfere with the detection of the ENSO signal in the stratosphere are volcanic eruptions, which inject aerosols into the lower stratosphere and can change the stratospheric composition and global circulation 46 ; climate change related to the greenhouse gases, which affects the radiative balance near the tropopause and influences the local thermal structure and circulation 47 ; and solar variability, which can generate chemical and dynamical changes in the stratosphere and mesosphere. 48 , 49 An additional problem in analyzing the ENSO phenomenon in the stratosphere arises from the lack of global observations. The coarse horizontal resolution in observations and the few vertical levels typically available have made this analysis difficult. This is why in the last few years general circulation models (GCMs), with a global and homogeneous grid and the ability to isolate different sources of variability, have become one of the more important tools available to investigate the ENSO phenomenon in the middle atmosphere (the part of the atmosphere that includes the stratosphere and spans up to about 100 km).
Some of the early modeling studies simply compared model integrations with and without imposed SST anomalies in the tropical Pacific. They used models that included only a few levels in the lower stratosphere. [49] [50] [51] [52] [53] [54] [55] Eventually, other works dealt with the influence of SST variability on the polar stratosphere in the Northern Hemisphere, using simplified simulations with more complete models that included a more ambitious treatment of the middle atmosphere. Hamilton 56 reproduced ENSO variability in the stratosphere with the SKYHI model from the Geophysical Fluid Dynamics Laboratory in Princeton, New Jersey, using idealized SST perturbations typical of ENSO events during winter months. The results were in very good agreement with the observational works discussed before and showed that ENSO events are associated with stationary large-scale Rossby wave perturbations of zonal wave numbers 1 and 2. One manifestation of these wave anomalies is the intensification of the Aleutian High in the middle stratosphere. Lahoz 57 studied the possible influence of the SST variability on the trends in temperature using a tropospheric-stratospheric version of the UK Meteorological Office Unified Model. An ensemble of nine simulations for winter conditions in the Northern Hemisphere from the 1980s to the 1990s showed that the UK Met Office Unified Model reproduced at least part of the observed temperature trend (cooling in the Northern Hemisphere lower stratosphere) with SST variations but did not find conclusive results in terms of the response to ENSO.
In the last few years, several multidecadal integrations have been run with GCMs. Usually several realizations of each model are obtained and the average of those realizations is computed to produce an ensemble average, or ensemble mean. Braesicke and Pyle 58 used the UK Met Office Unified Model to compare different ensembles with and without SST variability and obtained a weaker polar vortex with SST variability that does not appear to be related to extreme ENSO events. Some other works specifically focusing on ENSO effects are those of Sassi et al., 59 with the Whole Atmosphere Community Climate Model, version 1 (WACCM1), developed at the National Center for Atmospheric Research (NCAR); Manzini et al., 60 using the Middle Atmosphere European Center Hamburg Model MAECHAM5; and Garcia-Herrera et al., 61 who compared in detail results from these two models and the European Center for Medium-range Weather Forecasts (ECMWF) reanalysis of atmospheric observations, ERA-40. None of the models used in these studies produced a QBO. Although this is a shortcoming of the models, it does have the advantage that it allows analysis of model results without this additional source of variability. These studies did find changes in the stratospheric circulation related to ENSO and showed the wave-like ENSO signal in the stratosphere and the way it propagates upward from the troposphere. In addition, they also revealed a new aspect not documented before: ENSO has an effect on stratospheric zonal mean temperature related to changes in the stratospheric mean meridional circulation.
Sassi et al. 59 showed anomalies that have the structure of planetary Rossby waves propagating up to the mesosphere and studied the momentum deposition by resolved and parameterized waves during strong ENSO events in the Northern Hemisphere. Manzini et al. 60 obtained a significant response in the zonal mean flow that had not been shown previously, with a weaker polar vortex during warm ENSO events but no significant signal from cold events (La Niña). In addition, an enhancement of the downward propagation of wave-mean-flow interaction in the middle atmosphere clearly appears in this model. The work of GarciaHerrera et al. 61 shows good agreement between models and reanalysis, which highlights the robustness of the results. While most previous works focused on the Northern Hemisphere, this work also analyzes the ENSO signal in the tropical and Southern Hemisphere stratosphere comparing different latitudes. The direct influence of ENSO on the stratospheric circulation through changes in the upward propagation of Rossby waves and the relationship between these two is explicitly shown in this paper for the first time by means of wave activity and circulation velocities anomalies.
Model and Methodology
The WACCM3 is a GCM with interactive chemistry based on the US National Center for Atmospheric Research's Community Atmosphere Model (CAM3). It includes most of the physical and chemical processes that are important for describing the dynamics and chemistry of the atmosphere above the troposphere and up to about 140 km. It has 66 vertical levels from surface up to about 140 km, and its vertical coordinate is isobaric above 100 hPa (approximately 16 km) but hybrid below that level. The vertical resolution is variable, ranging from 1.1 km in the troposphere, above the planetary boundary layer, to about 3.5 km in the upper atmosphere.
The model is used to simulate the period 1950-2004. As boundary conditions, SSTs are prescribed from the global Met Office Hadley Center, Exeter, U.K., data set prior to 1981 and from the Smith/Reynolds data set after 1981. 62 There is no QBO in the model, either internally generated or externally prescribed. As noted previously, this may be considered an advantage for our purposes as it allows study of the ENSO signal in isolation from this other important source of stratospheric variability. Chemical effects of volcanic aerosols are included but not their radiative effects. The 11-year solar cycle irradiance variability is parameterized in terms of the observed f10.7 radio flux. Detailed information about the model, processes, and parameterizations can be found in both Garcia et al. 63 and Richter et al. 64 The main differences between WACCM3 and WACCM1 (which has also been used to study ENSO effects in the stratosphere, as noted above) include the use of Lin's finite volume formulation 65 for advection in WACCM3 as opposed to the semi-Lagrangian method used in WACCM1. The finite volume method is a mass-conserving approach to the solution of the governing equations in the model and is especially appropriate for modeling the advection of chemical species. In addition, WACCM3 includes interactive chemistry and solar cycle variability that were not incorporated in WACCM1.
The results presented here are based upon three realizations of WACCM3 run at horizontal resolution of 4
• × 5
• (latitude × longitude). The ensemble average of the three realizations was computed for the period 1979-2000 in order to better compare with previous results that used the same period of analysis. Composites for the strongest El Niño and La Niña events were constructed and then the differences (El Niño minus La Niña averages) were analyzed. As noted in the Introduction, different indices can be used to characterize the ENSO phenomenon. We have chosen the Niño3.4 index (N3.4), which is the SST averaged over the region between long 120
• W and 170
• W and lat 5
• S to 5
• N. Warm and cold ENSO events have been chosen whenever this index exceeds 1.2 standard deviations (Table 1) , as in GarciaHerrera et al. 61 All the ENSO events peak in late fall-early winter except the strong warm ENSO event in August 1988, which has not been considered in this study to avoid misleading interpretation of the mechanisms involved since the stratospheric dynamics is strongly modulated by the seasonal cycle. In the composite analysis, month 0 indicates the month in which all the ENSO events reach their maximum N3.4 index value.
The significance of the anomalies with respect to internal natural variability has been computed by a Monte Carlo test following the methodology of Garcia-Herrera et al. 61 In the figures, the shadowed areas denote anomalies significant at the 95% confidence level. significant anomalies according to the Monte Carlo test mentioned in Section 3. The temperature anomalies show the upward propagation of the ENSO signal from the Pacific Ocean toward the middle atmosphere by means of large-scale Rossby waves, with negative anomalies in the troposphere and positive anomalies above the tropopause that tilt westward with height, indicating upward propagation. Rossby waves are generated in the troposphere mainly by large-scale orography, large-scale convective heating, and land-sea contrasts. From there, they propagate into the stratosphere primarily during winter because vertical propagation requires that the zonal wind be westerly (from west to east) and lower than a certain critical value. This threshold depends on the spatial scale of the waves such that only ultralong Rossby waves (zonal wave numbers 1 to 3) are able to propagate into the stratosphere. These conditions are known as the Charney-Drazin criterion. 66 Significant anomalies are observed in WACCM3 during the first 5 months after the maximum of N3.4 index up to about 40 km altitude, in very good agreement with the results from the WACCM1 and MAECHAM5 models shown in Garcia-Herrera et al. 61 but with slightly smaller anomalies reaching higher altitudes than for the ERA-40 observational data set (see Figure 2 in Garcia-Herrera et al. 61 ). In the middle latitudes of the Southern Hemisphere, the ENSO propagation is not as effective as in the Northern Hemisphere (figure not shown), mainly because of the timing of the ENSO maxima with respect to the seasonal cycle. ENSO events tend to occur in the boreal winter, when stratospheric winds are westerly in the Northern Hemisphere and allow the vertical propagation of Rossby waves, in accordance with the Charney-Drazin criterion. However, in the Southern Hemisphere the winds are easterly in the boreal winter and this prevents upward wave propagation. Significant anomalies are observed in this case only in the troposphere and lower stratosphere below 20 km.
Results

Wave-like ENSO Signal
At tropical latitudes, a wave-like ENSO signal confined to the troposphere and lower stratosphere that shows composite differences (El Niño minus La Niña) for monthly mean temperature anomalies at lat 2 o N is clearly observed in Figure 3 . The wave-like ENSO signal has opposite signs in the troposphere and lower stratosphere as previous works have shown. 11, 14 This is from the small vertical group velocities of tropical Rossby waves and the easterly winds that inhibit the propagation in this region. Beyond the lower stratosphere, the signal acquires a zonal symmetric behavior with the largest negative significant anomalies in month 3, which is known to be related to the mean meridional circulation as will be explained next.
Zonal Mean ENSO Signal
In addition to the wave-like signal, ENSO also generates anomalies in zonal mean fields. Figure 4 shows the composite differences (El Niño minus La Niña) for zonal mean temperature. WACCM3 shows a significant warmer polar stratosphere during a strong El Niño event, in good agreement with previous works (e.g., Refs. 59-61), up to 3 months after the maximum of the N3.4 index, accompanied by an anomalous cooling in the tropical stratosphere. The combination of warm and cold anomalies forms a dipole structure that propagates downward as time progresses, in good agreement with results shown in MAECHAM5 by Manzini et al. 60 The largest significant anomalies in WACCM3, both in the tropical and polar regions, are observed in month 3, with values up to 7 K at high latitudes. In the tropical region, the anomalous warming observed in the troposphere corresponds to the zonally symmetric anomalies that are observed to develop during the mature phase of a warm ENSO event.
11,14 Weaker zonal mean zonal winds are also observed (figure not shown) at high latitudes in the winter hemisphere during strong El Niño events accompanied by the warm anomalies, as expected from geostrophic balance.
Wave-Mean-flow Interaction
The generally accepted mechanism that explains the ENSO signal in the polar winter stratosphere involves the propagation and dissipation of Rossby waves at middle latitudes and their interaction with the zonal mean flow. In order to analyze in depth this mechanism, we have studied the propagation and dissipation of the Rossby waves in the stratosphere in WACCM3 and their impact on the stratospheric branch of the mean meridional circulation, also known as the Brewer Dobson circulation, which moves air from the tropical lower stratosphere to the polar regions in the winter hemisphere. These anomalies in the meridional circulation are known to generate the anomalies in the zonal mean zonal wind and temperature in the polar region as we will explain next. The propagation of the Rossby waves can be visualized using the Eliassen Palm flux (EP flux), which can be considered as a measure of the propagation of wave activity. 67 The divergence of the EP flux is a direct measure of the forcing of the mean flow by the wave perturbations 15, 67 so that negative values of the EP flux divergence indicate regions where Rossby waves are dissipating and transfer momentum to the zonal mean flow. Figure 5 shows the composite difference (El Niño minus La Niña) of the EP flux anomalies (arrows) and its divergence anomalies (contours) from month 0 to month 5. The upward Rossby wave propagation is intensified (upward anomalies) from month 1 to month 5 in the Northern Hemisphere. As expected, the winter climatology [December, January, February (DJF)] in WACCM3 (Fig. 6) criterion explained above, westerly winds favor the upward wave propagation observed in Figure 5 during strong ENSO events in the Northern Hemisphere. Together with the increased EP flux, negative EP flux divergence is observed at middle latitudes in the stratosphere with the largest values during months 2 and 3 indicating strong wave dissipation in those regions. These anomalies in the EP flux divergence are accompanied by an intensification of the mean meridional circulation. Figure 7 displays the composite difference of the anomalies of the mean meridional circulation (V * , W * ) together with the anomalies in the EP flux divergence also shown in Figure 5 . From month 1 to month 5, a clear intensification of the stratospheric circulation is observed, corresponding to the anomalous wave dissipation indicated by the EP flux divergence anomalies. This accelerated circulation moves air from the lower tropical stratosphere to the polar stratosphere in the Northern Hemisphere. The rising air in the tropics generates adiabatic cooling as observed there (see Fig. 4 ), while the descending air in the polar region produces the polar adiabatic warming.
In short, WACCM3 results show that, during the warm phase of ENSO, a more intense Rossby wave propagation and dissipation occurs at middle and high latitudes in the Northern Hemisphere. As they dissipate, the planetary waves deposit easterly momentum, which decelerates the mean westerly flow in the Northern Hemisphere stratosphere. The wave dissipation also alters the extratropical angular momentum balance and forces a stronger mean meridional circulation that in turn gives rise to tropical cooling and high-latitude warming at high latitudes, as has been shown in Figure 5 . Figure 8 summarizes all the processes and interactions described above. 
Summary
This paper has reviewed the literature on ENSO effects in the stratosphere. The main difficulties traditionally found in the study of the ENSO signal in the stratosphere have been discussed here; namely the lack of global observations and the fact that ENSO is not always the major source of variability in the stratosphere, which makes it difficult to disentangle its signal from other sources of variability. For these reasons, GCMs able to isolate the ENSO signal have become widely used in the study of the ENSO effects in the stratosphere. Results from the most recent version of the Whole Atmosphere Community Climate Model (WACCM3) have been presented here to illustrate the current theoretical understanding of the propagation of ENSO effects from the troposphere into the stratosphere. The ENSO signal propagates from the troposphere to the stratosphere, up to about 40 km height, in the form of Rossby waves. This is mainly observed at middle latitudes in the Northern Hemisphere during winter months because ENSO tends to peak in the northern winter when stratospheric winds are westerly in the Northern Hemisphere and allow vertical propagation of Rossby waves. In addition, the dissipation of Rossby waves at middle latitudes, which deposits easterly momentum on the background flow, weakens the polar vortex and intensifies the stratospheric mean meridional circulation. This circulation, which moves air from the tropical lower stratosphere to the winter polar regions with air rising in the tropics and descending at high latitudes, gives rise to an anomalous polar warming (and tropical cooling) a few months after the maximum of the N3.4 index in the Northern Hemisphere.
There are still some aspects of the stratospheric ENSO signal that remain uncertain, since the results from the different data sets analyzed in different studies do not agree completely as regards the timing, location, and magnitude of the significant anomalies. Because differences among model simulations can arise from the internal variability of each model, additional experiments with different GCMs are required to increase the significance and robustness of the results and it is hoped to reduce the disparities among the models. Further improvements in middle atmospheric modeling and also a better understanding of the relationships involved in wave-mean-flow interaction are still required to assess the remaining uncertainties.
